In the context of ghost-free, infinite derivative gravity, we will provide a quantum mechanical framework in which we can describe astrophysical objects devoid of curvature singularity and event horizon. In order to avoid ghosts and singularity, the gravitational interaction has to be nonlocal, therefore, we call these objects as nonlocal stars. Quantum mechanically a nonlocal star is a selfgravitational bound system of many gravitons interacting nonlocally. Outside the nonlocal star the spacetime is well described by the Schwarzschild metric, while inside we have a non-vacuum spacetime metric which tends to be conformally flat at the origin. In the most compact scenario, the radius of a nonlocal star is slightly larger than the conventional Schwarzschild radius, such that there can exist a photosphere. These objects live longer than a Schwarzschild blackhole and they are very good absorbers, due to the fact that the number of available states is larger than that of a blackhole. As a result nonlocal stars, not only can be excellent blackhole mimickers, but can also be considered as dark matter candidates. In particular, nonlocal stars with masses below 10 14 g can be made stable compared to the age of the Universe.
I. INTRODUCTION
Einstein's general relativity (GR) has given the best mathematical description of the gravitational interaction and its predictions have been tested to a very high precision in the infrared (IR) regime, i.e. at large distances and late times [1, 2] . Despite these great achievements, there are still open questions regarding short distances and small time scales, i.e. the ultraviolet (UV) regime, where the gravitational interaction is least known. From an experimental point of view, Newton's inverse square law has been tested up to roughly 5 micrometers [3] , which translates to roughly 0.001eV. Beyond these energies, the gravitational interaction has been hardly constrained so far with direct experiments.
From a conceptual point of view, Einstein's GR suffers from the presence of classical (blackhole and cosmological) singularities [4] , and at a quantum level it turns out to be non-renormalizable beyond one loop, thus lacking predictability at high energies [5] . Moreover, one of the most important feature of blackholes in GR is the presence of event horizons, which has lead to many confusions and paradoxes, i.e. Hawking's information loss paradox [6] .
An interesting observation was made in Ref. [7] that by extending the Einstein-Hilbert action with the addition of quadratic curvature invariants, the renormalizability issue can be solved, but it was also shown that such a theory possesses a spin-2 massive ghost, which causes Hamiltonian instabilities at the classical level and unitarity violation at the quantum level. Furthermore, such finite derivative theories still harbor cosmological and blackhole singularities.
Recently, it has been pointed out that a possible way to ameliorate the issue of ghost is to go beyond finite order derivative theories, and to modify the action by introducing differential operators made up of infinite order covariant derivatives. Such an action indeed gives rise to nonlocal graviton interactions. Already in the early fifties, it was realized that the UV behavior of loop integrals in quantum field theory could be ameliorated by working with nonlocal actions [8] , in particular generalizing local theories by introducing exponentials of an entire functions in the action. These nonlocal models were also studied from an axiomatic point of view, see Ref. [9] .
First applications of this kind of nonlocal operators in the context of gauge theories and gravity were considered in Refs. [10, 11] , respectively. Subsequently, such theories were rediscovered in Ref. [12, 13] where it was shown that higher derivative gauge theories can be made ghost-free. In the gravitational context the same class of nonlocal actions were useful to obtain ghost-free nonsingular cosmological [14] [15] [16] [17] [18] and blackhole [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] solutions. Such nonlocal models were also applied in the framework of inflationary cosmology [34] , and thermal field theory [35] [36] [37] .
Field theoretical studies aimed to understand the UV behavior and to prove perturbative unitarity of ghost-free nonlocal field theories were made in Refs. [20, [38] [39] [40] [41] [42] [43] [44] [45] and in Refs. [46] [47] [48] [49] , respectively. Very interestingly, the same kind of form factors also appear in the context of string field theory [50] [51] [52] [53] , where the cubic vertex of the open string tachyon field is nonlocal and given by (e /M 2 s φ) 3 , and in p-adic string [54] where the kinetic operator is given by e /M 2 s , with being the d'Alembertian operator and M s denoting the string scale or, in other words, the scale of nonlocality.
The aim of this paper is to provide a quantum description of a massive, non-singular, horizon-less compact astrophysical object in the context of a ghost free, infinite derivative theory of gravity. In Ref. [26] it was already pointed out that an interesting possibility arises, where in order to preserve the Area-Law of gravitational entropy, the scale of nonlocality may transmute towards the IR regime. This has recently been checked at a quantum level by studying the scattering diagram of a system of N gravitons interacting nonlocally, and forming a bound system very similar to a Bose-Einstein condensate [55] . In this paper, for the first time we will provide the spacetime metric of such a self gravitating system, which we call here as a nonlocal star. For such an object, we will compute the life time, the entropy and the number of Bekenstein states, and study the phenomenological consequences for astrophysics and cosmology.
The paper is organized as follows. In Section II, we will provide a quantum mechanical treatment of nonlocal gravitational interaction. In particular, we will study the properties of a condensate made up of N (scalar) gravitons and show the existence of a complementarity relation between the total mass of a nonlocal condensate and the effective scale of nonlocality, which is the key for the absence of a horizon. In Section III, we will make a qualitative estimation of important classical and quantum physical quantities such as compactness, life time, entropy, absorption and reflection coefficients of a nonlocal star. In Section IV, we will discuss the outlook and draw the conclusions.
II. QUANTUM ASPECTS OF NONLOCAL GRAVITATIONAL INTERACTION

A. Infinite derivative gravitational action
The most general quadratic action in 4 dimensions, which is parity invariant and torsion-free is given by [19, 56] 1 :
where µ, ν = 0, 1, 2, 3; we will work mostly with positive signature (− + ++). Moreover, we will use the physical units in which c = 1, but = 1, so that classical and quantum aspects can be explicitly distin-
) is a dimensionful coupling, with M s being the fundamental scale of nonlocality, which in the context of string theory corresponds to the string scale. The three gravitational form-factors F i ( s ) are covariant functions of the d'Alembertian and can be uniquely determined around the Minkowski background [19, 21] . By setting F 3 ( s ) = 0, for simplicity 1 It is worthwhile to mention that the most general quadratic gravitational action which contains torsion and generalizes the Poincaré gravity has been constructed recently in Ref. [57] . In [19, 56] the quadratic curvature action was constructed systematically based on diffeomorphism invariance and preserving the ghost free conditions. See also Ref. [58] for a 3D version of the gravitational action in Eq.(1).
and without any loss of generality up to quadratic order in the metric perturbation around flat background, we can keep the massless spin-2 graviton as the only dynamical degree of freedom by imposing the following condition 2 : 2F 1 ( s ) = −F 2 ( s ) as shown in Ref. [19] around the Minkowski background. By expanding around Minkowski,
with κ := √ 8πG, we obtain 
(3) By inverting the kinetic operator we obtain the graviton propagator around the Minkowski background, and its saturated and gauge independent part is given by [19, 65] 
where
2 is the graviton propagator of Einstein's GR, while P 2 and P 0 s are two spin projection operators projecting along the spin-2 and spin-0 components, respectively; see Refs. [65, 66] for further details. Note that in order not to introduce any extra dynamical degrees of freedom other than the massless spin-2 graviton, we need to require that the function 1+F 1 (k)k 2 /M 2 s does not have any zeros, i.e. that it is an exponential of an entire function:
where the γ(k 2 /M 2 s ) is an entire function. We will mainly work with the simplest choice γ(k
s , but we will also discuss other kind of entire functions as well in Appendix A; see also Ref. [22] for other examples of entire functions.
B. Cubic graviton interaction in infinite derivative gravity
We wish to study the gravitational interaction, up to cubic order in the metric perturbation h µν . Due to the complicated structure of the graviton vertices in the infinite derivative gravity, for simplicity we will work only with the scalar component of the graviton, i.e. with the trace field h, and consider interaction vertices up to O(κh 3 ). All possible interaction terms which can be constructed are the following [42] :
where a, b, c are three constant parameters which need to be fixed. In Ref. [42] , they were fixed to a = b = −c = 1/4 by demanding the action around the Minkowski vacuum to be invariant under the infinitesimal scaling transformation:
C. N gravitons interacting nonlocally
Classically, M s (or L s ) is a fundamental parameter, but quantum mechanically this becomes a dynamical quantity as it has been recently shown in Ref. [55] . It was realized that for a system of N scalar gravitons interacting nonlocally, the nonlocal energy scale can transmute to lower energies. For instance, for a 1-loop N -point amplitude with zero-external momenta, in the limit N ≫ 1, it was shown the following behaviour [55] 3 :
where we have neglected constant factors for simplicity. From Eq. (7) it is clear that the N -point amplitude depends on the following effective nonlocal scale [55] :
meaning that the scale at which the nonlocal effects become relevant is not fixed, but dynamical, and depends on the number N of interacting scalar gravitons. In terms of length scales, this means that the higher is the number of interacting quanta, the larger will be the nonlocal region on which the interaction happens. Note that a similar scaling behavior was also obtained in Ref. [26] from a different point of view by demanding that the gravitational entropy of a self-gravitating system preserves the Area-law [26] .
3 See Appendix A for more details.
The behavior in Eq. (7) refers to amplitudes with zeroexternal momenta, which correspond to bound systems whose constituents can be seen as weakly interacting offshell quanta. In fact, a Bose-Einstein condensate is a system of weakly coupled bosons whose number can be very large, but still allowing all the constituents to live in the ground-state. There is no external interaction (external legs) which can excite the condensate in such a way that quanta can escape from the ground-state, but only internal interactions among the constituents. Moreover, it is well known that a condensate exhibits a collective behavior where all the constituents have a wave-length of the order of the size of the system, which in our case is L eff = M −1 eff .
III. NONLOCAL STAR AS A CONDENSATE OF GRAVITONS
In this Section we wish to study some of the quantum properties of a Bose-Einstein condensate made up of gravitons interacting nonlocally. Note that condensates of attractive bosons and their phase transitions were first studied in Ref. [67] , while a pioneering application to the case of gravitons and blackhole physics was worked out in Ref. [68] . In this paper we will generalize their treatment to the case of a system of N gravitons interacting nonlocally, which physically represent a new astrophysical object called nonlocal star.
Let us assume that each quanta (graviton) bring an energy (or effective mass), E g , and so a wave-length
Each individual graviton feels nonlocal interaction if and only λ g ∼ L s , while for wave-lengths λ g > L s the selfgraviton interaction is just local. Therefore, a nonlocal graviton is characterized by a wave-length of the order of the fundamental scale of nonlocality:
(10) Given a weakly interacting system, we can define a dimensionless quantum self-coupling for gravitons as follows:
where the inequality always holds true, since
For a gravitational system of N nonlocal gravitons, the interaction happens on a region of size λ ∼ R ∼ L eff = M −1 eff and a collective quantum coupling can be defined as follows 4 :
which is still less than one. From the inequalities in Eqs. (11, 12) it is evident that at the quantum level nonlocality weakens the strength of the gravitational interaction as the quantum coupling turns out to be less than one. Very interestingly, by making a comparison with the quantum blackhole picture in Einstein's GR, see Ref. [68] , a nonlocal star never reaches the critical point N α g = 1.
This feature is a crucial point in order to avoid the formation of any horizon, as we will discuss below.
A. Mass of a nonlocal star
Given N nonlocal gravitons of energy E g ∼ M s , the total mass of a gravitational system will be given by:
We now know that the wave-length of each nonlocal graviton becomes larger due to the collective behavior of the condensate, as described in Eq. (8), so that the following scaling behavior for each quanta will hold:
In terms of the mass/energy, each graviton becomes softer
Note that the quantity in Eq. (14) corresponds to the size of the system, which is approximatively given by L eff = √ N L s . From Eq. (15) we can now understand that the total mass of the graviton condensate in Eq.(13) reads
B. Gravitational potential of a nonlocal star
We now wish to understand what is the gravitational potential inside and outside a nonlocal star. We have 4 A local version of this graviton condensate was applied to blackholes by the authors in Refs. [68] , and further studied in many other works; see for example Refs. [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] . In this case, a blackhole is assumed to be a leaky Bose-Einstein condensate of attractive off-shell longitudinal gravitons stuck at the critical point of a phase transition, and all the physical properties can be uniquely determined once the number N of gravitons is given. In the quantum blackhole picture we have R ∼ r sch , therefore for N gravitons we obtain λ 2 g ∼ N L 2 p , in such a way that the collective quantum coupling is always equal to one, N αg = 1, which means that the gravitational system is stuck at its critical point [69] .
learned that all the constituents of the condensate feel a nonlocal interaction at the effective scale M eff (or L eff ). Therefore, by working in a static regime, k 2 ≃ k 2 , we can compute the gravitational potential felt at a point inside the system, due to each individual gravitons described by the stress-energy tensor T
), with i = 1, . . . , N . We can compute it by using the tree-level scattering amplitude technique, between N sources T 1 and the source of unit mass T
, where r ′ and r are constrained to be inside the region of nonlocality, i.e. r ∼ r N L :
which, by assuming that each graviton contribute equally to the total gravitational potential at r, becomes
(18) Outside the nonlocal star, we have a vacuum, and the spacetime is well described by the Schwarzschild metric, where Φ ∼ −Gm/r. In fact, outside the nonlocal region the scale of nonlocality is given by M s = L −1 s , and for any point r ≫ L s , we have practically GR as an excellent approximation; see also Ref. [22] .
C. Radius of a nonlocal star
From the result in Eq. (18), we can also understand that the linear regime holds true as long as the gravitational metric potential satisfies the inequality κh 00 = −2Φ < 1 for any r, which also means 2Gm/( √ πL eff ) < 1. By defining the radius of the nonlocal star as r NL = 2L eff , the previous inequality can be also recast as follows:
where r sch = 2Gm, and
which is saturated in the most compact scenario, i.e. ǫ ≃ 0.128. From the inequality in Eq.(19), we can understand that the radius of a nonlocal star always engulfs the Schwarzschild radius, which implies that there is no horizon. In this respect there will be no Hawking entangled pair production near 2Gm, since the spacetime near r sch is not sufficiently stretched [6] , and the light cone structure does not alter anywhere in the spacetime region. A Similar situation arises in the fuzz-ball scenario, which has been constructed in a stringy scenario, for a review see Ref. [79, 80] .
In fact, lack of horizon and singularity is true for any range of mass for the nonlocal star, provided the inequality in Eq. (19) is satisfied. By knowing the expressions of the total mass and the effective nonlocal scale, see Eq. (16) and Eq. (8), we find that the 2|Φ| < 1, always holds true. Indeed, we have:
Increasing the mass of a gravitational system also means increasing the number of interacting gravitons, which in turn means shifting the nonlocal scale towards the infrared regime, in such a way that the inequality in Eq. (19) is always satisfied for any value of the mass. This should be seen as a complementary principle for nonlocal systems 5 .
Furthermore, note that the inequality in Eq. (19) is saturated for the most compact nonlocal star. However, depending on M s and N , the radius of the nonlocal star can be made larger than this value. In the latter case, the nonlocal star can swell up even beyond 3Gm, where the photosphere of a Schwarzschild blackhole is. We will discuss this situation below.
D. Metric of a nonlocal star
The spacetime metric for the nonlocal star is given by [26, 29] ,
5 It is worthwhile to mention that in order to avoid the horizon, a necessary condition is given by the relation in Eq.(12) for the collective quantum coupling. Indeed, the blackhole picture in GR, given by Ref. [68] , yields N αg = 1 and, in our case, this can be recovered when Ms = Mp, which implies that the inequality in Eq. (19) can not be satisfied anymore, meaning that κh 00 = 1, i.e. gravity becomes strong enough to form a trapped surface, and eventually an event horizon.
and
with 2A = 2Gm/( √ πL eff ) < 1. Moreover, note that for such a metric the Birkhoff thereom is violeted, Φ = Ψ.
The nonlocal star is very similar to a blackhole in terms of an equation of state parameter. The object is held purely due to the energy density, the pressure component is zero in our case, i.e. p = 0, which is very different from a boson star [81] , or a neutron star [82] . There is some resemblance of these objects with non-commutative geometry, see [83, 84] , in terms of resolving the blackhole singularity problem.
E. Nonlocal star with or without a photosphere
Let us define the following function
which measures the compactness of a nonlocal star. For a blackhole we have ǫ = 0, which implies µ bh = 0. While, in the case of the most compact nonlocal star, i.e. ǫ ≃ 0.128, the compactness parameter is equal to µ NL ≃ 0.11.
• Nonlocal star as an ultracompact object: For a sufficiently compact nonlocal star we can have
6 Note that the metric potentials in Eqs. (23, 24) are discontinuous at r = r NL . However, there is no sharp boundary between nonlocal and local regimes, but the metric has to be smooth all the way from r = ∞ to r = 0. One way to model the above metric as a continuous function of the radial coordinate is to introduce two normalization constants in the denominators of the two metric potentials. Indeed, by writing Φ → Φ/a and Ψ → Ψ/b for r r NL , where a ≡ Erf (1) and b ≡ Erf (1)−1/( √ πe), the metric can be made continuous at r = r NL . By modelling the metric in this fashion will be helpful for numerical computations.
which means that it can possess a photosphere, and can be seen as a new kind of ultracompact object. In this case, the properties of a nonlocal star can be probed by studying the ringdown phase. Indeed, after the merging process of two sufficiently compact objects there is a fraction of waves which will be able to cross the photosphere, but there will also be a fraction of them which will interact with the photosphere and travel back towards the central object. Since there is no horizon the waves can interact with the surface and travel back. This periodic behavior of a small fraction of gravitational waves would produce echoes in the wave-form signal [85] [86] [87] 98 ].
• Echoes after ringdown phase: In Ref. [86] , an interesting distinction was made in the class of ultracompact objects, by distinguishing the so called ClePhOs (Clean Photosphere) from the nonClePhOs. The main difference between these two kind of objects is that for the former echoes are produced at later times, and can be more easily distinguished by the rest of the wave-form by future LIGO/VIRGO observatories. ClePhOs have a radius
From Eqs. (19, 20) , we can now understand that the nonlocal star is a particular class of ultracompact object which does not belong to the class of ClePhOs, since in its most compact case we have ǫ = 0.128 > 0.01665.
• Shadow of a nonlocal star: Moreover, since the object is sufficiently compact for Eq. (27), it will be possible to test and constrain the nonlocal star scenario by experimental data coming from the presence of a shadow [88] . In particular, we will be able to put constraints on the compactness parameter introduced in Eq. (26) or, in other words, on the size of the object; see Refs. [86, 98] for discussions on phenomenological aspects of astrophysical horizonless objects beyond GR.
• Nonlocal star as a dark giant star: When ǫ > 0.5, the radius of the nonlocal star is such that it engulfs the photosphere, i.e. r NL > 3Gm, so that no light ring would be present. Such a gravitationally bound system would be very similar to a dark giant star and they will hardly radiate, which will become evident when discussing the life time of a nonlocal star and the number of quantum states such an object possesses, see below. In terms of compactness, they will be very similar to a neutron [82] , or a boson star [81] , but with an equation of state p = 0.
F. Life time of a nonlocal star
We now wish to compute the life time of a nonlocal star. As a first step we need to find an expression for the escape energy and escape wave-length of a graviton, so that we can understand under which conditions a graviton will escape from the condensate. By following the procedure in Ref. [68] , for a nonlocal condensate of N weakly interacting quanta, we can define the following collective interaction strength:
eff , so that each graviton feels the following collective binding potential, which coincides with the escape energy,
where we have taken r ∼ r NL . Therefore, a graviton can escape from the condensate if its energy exceeds the escape energy in Eq. (28) . We can also find the escape wavelength through the relation
Indeed, by equating Eq. (28) and Eq. (29), we obtain
It is clear that the easiest way for a graviton to escape is through a 2 → 2 scattering process, in which the energy of one of the two gravitons exceeds the threshold given by the binding potential E esc . We can also estimate the escape rate, Γ, for such a process, which will be approximatively given by the product of the collective coupling squared, α 2 g , of the characteristic energy scale, E esc , and of the combinatoric factor, N (N − 1), which in the limit N ≫ 1 can be well approximated by N 2 :
While, the corresponding time-scale of the process is given by
We can now study how the mass of the nonlocal star changes in time, namely its time variation which is given by:
or by using Eq. (16), we obtain the time variation of N :
By imposing dN/dt ∼ −N/τ, we can obtain an estimation for the life time of the nonlocal star:
from which it is clear that, given N gravitons, the life time of a nonlocal star is always larger than the life time of a Schwarzschild blackhole,
The Hawking evaporation time for a Schwarzschild blackhole was computed for the first time by Don Page in Ref. [89] and is given by τ bh = 8. (36) we obtain the following bound on the mass:
For M s ∼ 10 16 GeV, nonlocal stars with masses m > 10 5 g would live up to the age of the Universe > 10
17 s, which explicitly shows that nonlocal stars can live longer than a Schwarzschild blackhole of same mass.
The above analysis also suggests that nonlocal stars are very efficient for storing information. There is no Hawking information loss paradox, due to the absence of a horizon, but the information can be kept inside for a long time, until the nonlocal star starts losing a sufficient amount of its initial mass. The end stage of the evaporation will not cause any remnant like in the case of a Schwarzschild blackhole, due to the absence of any event horizon.
G. Primordial nonlocal star as a dark matter candidate
Nonlocal stars do open up a new parameter space for a stable compact object. After primordial inflation (for a review see [90] ), the inflationary perturbations can create primordial blackholes [91] (for a recent review see [92] ). These primordial blackholes can live long enough to act as a dark matter candidate; in particular, for masses larger than 10 14 g they can live longer than the age of the Universe. There are indeed various astrophysical constraints on them for masses above 10 14 g [93] . The nonlocal stars ameliorate this strict bound on 10 14 g, in fact a smaller massive nonlocal star (smaller than 10 14 g) can live even longer than the age of the Universe depending of the fundamental scale of nonlocality.
Indeed, there is a word of caution regarding the creation mechanism. Note that the gravitational potential of a nonlocal star is always smaller than the one of a conventional blackhole, so the collapsing phase of the matter to form nonlocal stars might be different from the case of the formation of primordial blackholes. The dynamics of formation of nonlocal star has to be studied separately, before we could start putting meaningful constraints on the dark matter abundance, or their population.
H. Gravitational Entropy
One of the prime reasons why the evaporation rate of a nonlocal star is smaller than the one of a Schwarzschild blackhole is related to the number of available Bekenstein states [94] . The key role is played by the fact that the number of states which can be stored in a nonlocal condensate is always larger than the corresponding number in the case of a blackhole, as we will explain below. We will only make a rough estimation of the entropy and of the number of available states in the nonlocal star.
Let us introduce a characteristic length scale L such that dx ∼ L and ∂ x ∼ 1/L, so that the classical action in Eq.(1) can be recast as
The first piece is the Einstein-Hilbert term, while the quadratic curvature contribution is given by (
2 . Note that the quadratic part of the action is scale invariant in the sense that it does not depend on the characteristic scale L.
Let us consider a nonlocal star with mass m, in the quantum framework introduced above. If we take the Schwarzschild radius as the characteristic scale, L ∼ 2Gm, the form of the action in Eq.(38) as a function of N gravitons reads
where s is the entropy of the gravitational system. Note that, if r NL < 2Gm the contribution from the Einstein-Hilbert term dominates, and we recover the usual Bekenstein entropy of a Schwarzschild blackhole,
When r NL > 2Gm the quadratic part of the action dominates, and then we obtain:
Note that an Area-law for the gravitational entropy still holds, s ∼ Area/4G [95] , but now the area is given by 4πr 2 NL . As a consistency check, note that if we set M s = M p , we recover the Bekenstein entropy, s bh ∼ N ∼ Gm 2 , consistently with the quantum corpuscular picture of a Schwarzschild blackhole [68] .
The entropy of a nonlocal star turns out to be larger than the entropy of a Schwarzschild blackhole, s > s bh . As a consequence the number of available states contained in a nonlocal star is larger than the one in the blackhole case, indeed we have
which is always larger than N bh ∼ e N . Having a larger number of states means that the probability for a graviton to escape from the condensate is lower, as the phase space of all possible configurations which can be realized is larger than that of the blackhole case. Therefore, we can now understand why a nonlocal star can live longer than a blackhole. Although nonlocality makes the gravitational interaction weaker and the collective quantum coupling always smaller than one, Eq. (12), a gravitational bound state can be formed and a nonlocal star can live for a sufficiently long time, due to the fact that the number of states which can be occupied by the N gravitons is sufficiently large. The same reason makes it also an almost perfect absorber. Suppose, a high energy particle is absorbed by the nonlocal star, then the energy of the particle gets distributed amongst all the Bekenstein states, very similar to any blackbody system.
I. Absorption coefficient
We now wish to obtain an estimation of the absorption coefficient of a nonlocal star in the most compact case, ǫ ≃ 0.128. We can do it by studying the dynamics of the system composed by the compact object and the accretion disk, see [97] , and using the experimental bounds on the exchanged fluxes of energiesṀ disk andĖ. The former describes the amount of infalling matter coming from the accretion disk and going inside the central object per unit time, while the latter corresponds to the emitted energy from the compact object per unit of time. We can immediately notice that a classical blackhole is characterized byĖ bh = 0, as nothing can escape outside beyond the horizon.
First, note that one can compute which is the solid angle ∆Ω under which particles coming out of the compact object can escape at infinity, and it is proportional to the parameter ǫ, see [87] :
The last equation tells us that the more compact the object is, the more deflected the geodesics are, i.e. the more black the central object appears. This result is crucial in order to study the scenario in which a compact object is surrounded by an accretion disk. Let us now introduce the following fundamental quantities for a nonlocal star:
• κ is the absorption coefficient and measures the amount of energy that is lost inside the nonlocal star.
• γ is the elastic reflection coefficient which measures the fraction of energy that reaches and interact elastically with the surface of the nonlocal star, and then is reflected back.
•γ is the inelastic reflection coefficient which measures the fraction of energy which is reflected after inelastic interaction with the surface, i.e. the portion of energy that goes inside the nonlocal star and subsequently is re-emitted.
Note that the following relation holds:γ = 1 − κ − γ. For a classical blackhole we have: κ bh = 1, γ bh =γ bh = 0. See also Ref. [98] , for the definition of other fundamental parameters characterizing compact objects.
In the case of a compact object the flux of emitted energy can be non-vanishing, indeed the following relation holds true [98] :
Very interestingly, the quantity in Eq. (43) can be constrained through astronomical observations; indeed, one can put the following upper bound [98, 100, [100] [101] [102] :
We are mainly interested in obtaining a direct bound on the absorption coefficient, but the way Eq. (44) is written would only allow us to constrain the combination of the two parameters κ and γ. However, we will still have to use one of the main features due to nonlocality: any particle falling into the nonlocal star gets lost for a long time, due to the fact that the number of states is exponentially large, see Eq. (41) . This means that a nonlocal star does not have a hard surface, and the corresponding elastic reflection coefficient is basically zero, γ ≈ 0. However, there is still a non-vanishing inelastic reflection coefficient which measures the fraction of infalling quanta which can come out again and escape from the nonlocal star, but we expect it to be very small by virtue of our previous results. Therefore, for a nonlocal star Eq. (44) becomes
from which, by using the formula Eq.(42) and working in the most compact case, ǫ ≃ 0.128, we get a direct bound on the absorption coefficient:
This result is consistent with the discussions on life time, entropy and number of states made above, indeed as expected the value of the absorption coefficient of a nonlocal star is very close to unity. As a consequence, since γ ≈ 0, we also obtain an upper bound on the inelastic reflection coefficient:
which turns out to be very small, consistently with our expectations.
IV. CONCLUSIONS
We have provided a quantum mechanical framework where we have described a non-singular, horizonless nonlocal star, for which the gravitational potential is always bounded below unity. The graviton interaction weakens due to the presence of nonlocal form-factors made up of infinite order covariant derivatives. For the simplest choice of an entire function, which appears in the graviton propagator, it is possible to avoid the curvature singularity and the event horizon, provided that the complementarity principle holds, mM eff ∼ M 2 s < M 2 p . In our case, the radius of the most compact nonlocal star is given by Eq. (19), i.e. r NL = r sch (1+ǫ), where ǫ ≃ 0.128, and such astrophysical objects can be excellent blackhole mimickers. Indeed, if ǫ < 0.5, there is still a photosphere and echoes can be produced; therefore, their detection can allow to constraint the compactness parameter, which in turn would directly constrain the radius r NL . In this respect nonlocal stars can also be compared with fuzz-balls constructed via string states [79] , see Ref. [96] for a recent discussion.
If the ǫ > 0.5, then nonlocal stars could be compared with neutron and/or boson stars. However, the main difference is that now the equation of state parameter is characterized by a zero pressure, i.e. p = 0.
Nonlocal stars are very efficient absorbers and their life time is even longer than the one of a Schwarzschild blackhole, i.e. τ /τ bh ∼ (L s /L p ) 9 . This is mainly due to the fact that the number of available states for a nonlocal star is much larger than the corresponding number in the Schwarzschild blackhole case. It is this huge number of available states that compensates the weakness of the graviton interaction. A nonlocal star does not have a hard surface, so that no particles can be elastically backscattered. Moreover, by using experimental data related to the dynamics of the accretion disk surrounding a compact object, we have been able to put a lower bound on the absorption coefficient, 0.977 κ 1. See Table I, for a summary and the comparisons between a classical blackhole and the most compact nonlocal star.
Finally, we wish to emphasize that we have only worked with the trace part of the cubic graviton action, see Eq.(6). Nevertheless, we believe that the quantitative picture would still hold true even when the full tensorial structure, i.e. the interactions derived from the tensor part, is taken into account. Both the scalar and the tensor part of the graviton share the same exponentially suppressed propagator in the UV, therefore most of our results would still hold true for the spin-2 mode as well. Nevertheless, it would be desirable to study the interactions of both spin-2 and spin-0 components in full glory and study their quantum behavior to complete the picture of the nonlocal star. Further investigations will be subject of future works.
Furthermore, from a physical point of view it will be very important to repeat a similar study in the case of rotating non-singular compact objects in infinite derivative gravity. Such kind of metric solutions have been studied [31] , but the quantum properties and the compactness are yet to be discussed in the literature.
the graviton action up to order O(κh 3 ) [42] :
where λ is a coupling constant with inverse energy dimension. The propagator for this action is given by
while the interaction vertex reads [42, 103] V (k 1 , k 2 , k 3 ) = λ 4 k (A3) One can show that both propagator and vertex become exponentially suppressed once they are dressed by taking into account of quantum corrections [42, 44, 55, 103] .
We now want to compute an N -point amplitude with zero-external momenta, which is in one-to-one correspondence with the physics of a Bose-Einstein condensate; in particular, as an example, we can consider a ring, which is a 1-loop amplitude, made up of N vertices and N internal propagators, which we assume to be dressed. By taking the limit N ≫ 1 one can notice that such an Npoint amplitude has the following behavior [55] : 
From the last expression it is clear that the fundamental scale of nonlocality effectively has transmuted to lower energies:
In this paper, we have constructed a model of nonlocal star for n = 1, which corresponds to M eff = M s / √ N . We wish to mention that for any other positive integer n > 1, the same procedure does not work as the horizon may be still formed.
In fact, if we had considered the general entire function
with n > 0, we would have obtained 2 , which means that, for a sufficiently large N, it can assume a value equal to or larger than one, for any n > 1. Therefore, the only power of n which does not violate the inequalities in Eqs.(19 (or equivalently Eq.(21)), and can always prevent the formation of an event horizon, is n = 1.
